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An Optical Device and a Method of 
Making an Optical Device 

The present invention relates to the field of optical devices such as photon detectors and 
optical memory structures. More specifically, the present invention relates to photon 
detectors which may be configured to detect single photons and also on optically 
programmable non-volatile memory. 

There is a need for an optical detector which is capable of detecting a single photon. 
Recently, this need has been heightened by the advent of quantum cryptography of 
optical signals. In essence, quantum cryptography relies upon the transmission of data 
bits as single particles, in this case, photons, which are indivisible. One way in which 
the data can be encoded is via the polarisation of the electric field vector of the photons. 
The key component of such a system is a detector which can respond to individual 
photons. It has been proposed that quantum cryptography can be used to transmit the 
key for the encryption of data. 

Single photon detection is also useful as a low level light detection means for 
spectroscopy, medical imaging or astronomy. An optimum signal to noise ratio is 
achieved when a single photon is detected, as the noise is then limited by the shot noise 
and is independent of noise arising due to the detector amplifier. 

A single photon detector could also be used for time-of-flight ranging experiments 
where the distance-of an object from a fixed point is measured by calculating the time 
over which a single photon takes to return to a detector. This technique can also be 
used to scan the surface of an object, even a distant object, to form a spatial image of its 
surface depth, thickness etc. 

Single photon detectors are available in the form of photo multiplier tubes (PMT) and 
single photon avalanche photo diodes (SPAD). PMTs have the disadvantage of having 
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low quantum efficiency, being expensive, bulky, mechanically fragile, requiring high 
biasing voltages and cooling. They can also be damaged and can require a long settling 
time after exposure to high light levels or stray magnetic fields. On the other hand, 
SPADs have the disadvantage of having a relatively low gain and high dark count rates, 
especially when operated at higher repetition rates. They are also expensive and require 
high bias voltages and external cooling. 

The present invention addresses the above problems of SPADs and PMTs and can 
operate using low voltages (less than 5V). It is also suitable for fabrication into a multi- 
channel array of detectors, which is useful for spatial imaging and spectroscopy. It also 
has a fast time response and less noise, thus it can be used to measure the time of the 
arrival of the photon. 

The detector of the present invention is completely different to those described above 
and uses optically stored charge to affect the tunnelling characteristics of a device. 

Previously, Nakano et al, in Jpn. J Appl Physics, 36 p4283 to 4288 (1997) have 
designed a purely electrical device to demonstrate that charged trapped in a layer of 
quantum dots can have on the resonant tunnelling characteristics of a device. This study 
used biases as opposed to light to cause a change in the charging state of the quantum 
dots. The device worked at 300K. 

In a first aspect, the present invention provides an optical device comprising: a barrier 
region provided between first and second active regions, wherein the tunnelling of 
carriers can occur from the first region to the second region through the barrier region, a 
first quantum dot being provided such that a change in the charging state of the quantum 
dot causes a change in the conditions for tunnelling through the barrier region, and 
means to change the charging state of said first quantum dot in response to irradiation. 

Either or both of the first or second active regions can be bulk regions, where the 
carriers in those regions occupy to a continuum of energy levels. However, the device 
may also be a "low dimensional 11 structure where the energy of the carriers is quantised 
such that the carrier can only occupy one or more discreet energy levels. Confinement 

5/30/05, EAST Version: 2.0.1.4 



WO 02/11211 



PCT/GB01/03411 



3 

of the carriers in one or more dimensions modifies this energy spectrum by a 
quantisation of the k-vector along the confinement direction(s). In a quantum dot, the 
motion of the carriers is restricted in all three spatial dimensions. Consequently, the 
energy spectrum of the dots consists of a series of discrete levels. As the size of the 
quantum dot reduces, the energy spacing between these discrete levels increases. The 
. maximum number of electrons which can occupy each electron level is two, 
corresponding to the up and down spin states. Similarly, each hole level has an 
occupancy of two. 

In a preferred device, the first active region is configured to allow the flow of carriers 
therethrough at a first energy level, the second layer is configured to allow the flow of 
carriers therethrough at a second energy level, and a change in the charging state of the 
quantum dot causes a change in the relative energies of the first and second energy 
levels. 

The change in the relative energies of the energy levels affects the tunnelling conditions. 
However, the tunnelling current through the barrier region will be affected to a greater 
or lesser degree depending on the actual configuration of the device. Preferably, the 
device is configured such that the first and second energy levels are capable of being 
aligned. When the first and second energy levels are aligned, resonant tunnelling can 
occur through the barrier layer. Under such a resonant tunnelling condition, a relatively 
large tunnel current will flow compared to the non-resonant case. The device is 
therefore preferably configured such that a change in the charging state of the quantum 
dot causes the device to be switched from being off resonance (i.e. levels not aligned) or 
"on resonance" (i.e. levels aligned) or vice versa. 

Generally, the device will take the form of a resonant tunnelling diode comprising an 
emitter and collector located on either side of the barrier region. The detector can be 
configured such that carriers flow from the emitter to the collector when the first and 
second energy levels are aligned. 
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Therefore, a relatively large change in the tunnel current can be observed due to the 
absorption of a single photon. Of course, the device is not limited to just detecting 
single photons and can also be used to detect a plurality of photons. 

The device can be configured as a photon detector or an optically activated memory. 
Preferably, for a photon detector, the device is configured such that the layers are not 
aligned i.e. the device is "off-resonance" prior to illumination. 

In this arrangement, the energy levels are aligned upon illumination. Under certain 
operating conditions, it is believed that the flow of charge due to resonant tunnelling 
(i.e. when the levels are aligned in energy) will re-set the charge in the dot and return 
the device to its "off-resonance" state. Thus, the detector resets itself. 

In the resonant tunnelling diode configuration which comprises a collector and an 
emitter, a bias is applied across the collector and emitter in order to cause charge to flow 
from the emitter to the collector. This bias will also affect the alignment of the first and 
second energy levels. Therefore, the relative energies of the first and second energy 
levels can be controlled by the application of an appropriate emitter-collector bias. 

The collector and emitter may comprise metal layers. Alternatively, at least one of the 
collector and/or emitter may comprise a heavily doped semiconductor layer. The 
collector and emitter may have the same polarity or may have opposing polarities. The 
collector and/or emitter may form part of the first and/or second active regions. 
Preferably, at least one of the collector and emitter is transparent to radiation such that 
radiation can enter the device through the collector and/or emitter. 

The electron-hole pair which is generated due to incident radiation can be generated in 
an absorption region of the device. In this configuration, means are required to separate 
the electron-hole pair generated in the absorption region and to sweep at least one of 
said electron or hole into the quantum dot. 

In an alternative configuration, the device can be configured such that radiation excites 
carriers in the first quantum dot. Either interband transitions i.e. where an electron-hole 
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pair is generated or intraband transitions where an electron or hole is excited to a further 
energy level can be excited. Means can be provided to sweep a photo-excited carrier or 
photo-excited carriers out of the first quantum dot to change its charging state. 

In this configuration, radiation of only certain wavelengths (dependent on the 
characteristics of the device) will be able to change the charging state of the dot. 
Intraband transitions which can be excited within the dot often occur in the mid or far 
infrared part of the spectrum. 

The means for sweeping carriers either to or from the first quantum dot can comprise a 
means to apply a DC bias across the device, for example, electrodes may be provided on 
either side of the quantum dot. Alternatively, these means may comprise a Schottky 
gate. Where a DC bias is applied across the device in order to separate the electron-hole 
pair, these electrodes may be the same as the emitter and collector used to create current 
flow through the device. Preferably, these means are transparent to the incident 
radiation. 

The first and second active regions may be single layers, parts of single layers or a 
plurality of layers. There is no requirement for the first and second active layers to be 
the same. Also, it should be noted that the first quantum dot may lie directly in line 
with the tunnel current or it may lie to the side of the region through which the tunnel 
current passes. 

At least one, or preferably both of the first and second active regions are configured to 
be able to support low dimensional confinement of carriers in order to allow tunnelling 
therethrough. Preferably, the first active region will be capable of supporting two 
dimensional carrier confinement on one side of the tunnel barrier. Alternatively, the 
first active region may comprise a quantum dot, such that confinement caused by the 
quantum dot provides the first energy level. 

The second active region may be configured to support a two dimensional confinement 
region or even zero-dimensional confinement (a quantum dot) to supply the second 
energy level. In order to form the second active region, a second barrier region is 
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preferably pro vided on the opposing side of the second active region to the first barrier 
region. 

The second barrier region is preferably configured such that alignment of the two 
energy levels will cause resonant tunnelling through both of the barrier regions. 

Although the previous discussion has concentrated on a resonant tunnelling device, any 
change in the tunnelling conditions, e.g. a change in the alignment of the first and 
second energy levels will result in a change in the tunnel current which can be 
measured. However, the resonant tunnelling device is the preferred device as a large 
change in the tunnel current as the device is switched from on-resonance or off- 
resonance will be seen. 

As previously described, the detector may comprise an absorption region configured to 
absorb incident radiation. Preferably, this region is configured to absorb at least 50% Of 
the incident radiation, more preferably at least 70%, even more preferably at least 90% 
of the incident radiation. 

The rate of absorption absorbed by an absorption region of thickness L is given by the 
formula R=Ro [1-exp (-a L)], where Ro is the rate of incident photons and a is the 
absorption coefficient. The absorption coefficient a depends upon the material and the 
wavelength of the incident radiation. For example, for GaAs having a thickness of 800 
nm, a=1.5xl0 6 m" 1 . Thus, a 2 nm layer would absorb 0.3% of the incident lights and a 
1 |nm thick GaAs layer will absorb 78% of the incident light. The absorption region may 
be provided on an opposing side of the second active layer to the first active layer. 

Preferably, the device is configured so that the quantum dot traps a hole. However, it 
will be appreciated by those skilled in the art that the device would also work if the 
quantum dot was configured to trap a photo-excited electron. The trapped photo electric 
charge trapped in the dot can have the same polarity or a different polarity to that of the 
tunnel current. 
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The quantum dot must be located so that charging of the quantum dot can affect the 
relative separation of the two energy levels. The quantum dot may be provided on 
either side of or anywhere surrounding the first region, tunnel region, second region 
arrangement or within any of these regions. Preferably, the first quantum dot is formed 
within the absorption layer. Alternatively, the quantum dot layer may be provided in 
either of the first and/or second barrier regions or within either of the active layers. 

It has been previously mentioned that either of the first and second active regions could 
comprise quantum dots to define either or both of the first and second energy levels 
such that tunnelling occurs through a quantum dot in either or both of the first and 
second active regions. In this arrangement, either the quantum dot used to the first 
energy level, the 'first active dot or the quantum dot used to define the second energy 
level, the 'second active dot', can also function to store charge in the same manner as the 
first quantum dot as well as allowing tunnelling. Therefore, in this arrangement, the 
first quantum dot is combined with one of the active regions. 

Preferably a plurality of first quantum dots is provided. A plurality of layers or 
quantum dots, where each layer comprises a plurality of first quantum dots may also be 
provided. The plurality of first quantum dots may be of different sizes. When the dots 
are of different sizes or compositions, they can absorb radiation of different 
wavelengths. This is particularly useful when the device is configured such that the dot 
itself absorbs incident radiation. 

In the preferred arrangement, the first barrier region will be a first barrier layer and the 
device will be configured in a layer by layer arrangement such that tunnelling occurs 
substantially perpendicular to the plane of the barrier layer. 

However, a lateral tunnelling device is also possible, where tunnelling takes place 
substantially within or parallel to a plane of a layer of the device. Such a tunnelling 
device could comprise a first active region provided by a first quantum dot, a second 
active region provided by a second quantum dot where the tunnelling characteristics of 
the first and second quantum dots are affected by the charging state of a third quantum 
dot provided in the vicinity of the first and second quantum dots. 
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The present invention can be configured as a single photon detector. In order to 
efficiently detect single photons, it is preferable if the active area of the device, i.e. the 
area through which tunnelling occurs, is less than 10' 10 m 2 . More preferably, this active 
area is at most 1 0" 1 1 m 2 . A single photon detector preferably comprises at most 1000 
first quantum dots and more preferably at most 100 first quantum dots. 

Preferably, an anti-reflection coating is provided on the surface of the detector which 
receives the incident radiation. The detector may be provided in a resonant cavity in 
order to reflect any unabsorbed incident light back into the detector. 

In order for the detector to efficiently detect light, it is preferable if any electrodes 
provided on the surface of the device which is incident to the radiation are essentially 
transparent 

A particularly useful example of the device is provided by a In y Ali. y As/In x Gai. x As 
system. Preferably in this system x is about 0.53 and y is about 0.52. This system 
allows the first and/or second active regions to be fabricated from InGaAs and a barrier 
region, comprising a InAlAs layer provided adjacent the first active layer. The barrier 
region is preferably the first barrier region. The large conduction band discontinuity 
between InGaAs and InAlAs potentially allows the device to operate at high 
temperatures. The conduction band discontinuity where x = 0.53 and y = 0.52 has been 
measured between 500 and 550 meV. 

Quantum dots which are formed as first quantum dots to store charge, or dots which are 
used to define the first and/or second energy levels are preferably formed by depositing 
InAs or InGaAs. 

An InGaAs absorption layer has a lower band gap than GaAs. Therefore, this 
absorption layer is able to absorb radiation further into the infrared region. For 
example, Ino.53Gao.47 As can absorb at the important wavelengths of 1 .3 and 1 .55 
microns. These wavelengths are commonly used for fibre optic communication. In 
such systems, the dots will typically comprise InAs. Any Indium containing absorption 
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layer is advantageous for example, Hie absorption layer could be formed from InGaAs, 
InGaAlAs, InGaAsSb. Another possibility is to form the absoiption layer from GaAsN. 

The above system can be lattice matched to an InP substrate. This will allow the growth 
of a Ino.53Gao.47As/Ino.52Alo.48As structure without lattice strain. 

However, it is not mandatory to use a lattice matched substrate. For example, it is 
possible to form the above system on a GaAs substrate or any other substrate for that 
matter if means are provided for lattice matching the lattice constant of at least one of 
the active regions with that of the substrate. Such means may comprise a 
compositionally graded buffer wherein the composition of the buffer is graded such that 
the lattice constant of the buffer matches that of the substrate at its lower interface and 
that of the first active layer at its upper surface. Such a compositionally graded buffer 
may comprise In w Gai_ w As where W changes from W = 0toW = X = 0.52 gradually 
throughout the buffer layer. This gradual change gradually alters the lattice constant 
from that of the substrate to that of the second active layer. Other compositionally 
graded buffer layers could be used, for example, AlGaAsxSbi- x where x is varied. 

The use of a lattice matching means such as a compositionally graded buffer allows a 
free choice of the indium content in the first active region. This is because the lattice 
constant of the compositionally graded buffer can be tuned to any desired value. 

It is also possible to use a strain relaxed buffer layer, for example a quartenary such as 
AlGaAsSb. Again, the strain relaxed buffer layer can be used to provide any lattice 
constant for subsequent growth. The composition of the quartenary can be varied in 
order to match the lattice constant of the first active layer. However, it should be noted 
that the composition of the quartenary does not change in the same way as described for 
the compositional graded buffer layer. The strain relaxed buffer layer can accommodate 
dislocations. 

The width of such a buffer layer is typically at least lum. It is also possible to fabricate 
the device from a Si/Si^Ge* system, preferably x is about 0.3. 
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In a second aspect, the present invention provides an optical device comprising: a 
barrier region provided between first and second active region wherein tunnelling of 
carriers can occur from the first region to the second region through the barrier region, a 
first quantum dot being provided such that a change in the charging state of the quantum 
dot causes a change in the conditions for tunnelling through the barrier region, and 
means to change the charging state of said first quantum dot in response to irradiation. 

The optically activated means will preferably be provided by a quantum dot as 
previously described 

Preferably, in both detector in accordance with the first and second aspects of the 
present invention, the quantum dots are formed by a self assembling technique such as 
thq Stranskii Krastanow method. 

Therefore, in a third aspect, the present invention provides a method of fabricating an 
optical device comprising: a barrier region provided between first and second active 
regions, such that tunnelling of carriers can occur from the first region to the second 
region through the barrier region, a first quantum dot being provided such that a change 
in the charging state of the quantum dot causes a change in the tunnelling conditions 
through the barrier region, andaneans to change the charging state of said first quantum 
dot in response to irradiation; wherein the said first quantum dot is formed as part of a 
layer comprising a plurality of quantum dots; the method comprising the steps of: 
forming at most 10 monolayers of a quantum dot layer overlying and in contact with a 
layer having a substantially different lattice constant to that of the quantum dot layer 
such that the quantum dot layer forms islands, and forming a layer overlying said 
quantum dot layer having a substantially different lattice constant to that of the quantum 
dot layer, such that a plurality of encapsulated quantum dots are formed. 

The quantum dot layer may be formed in the absorption region. Therefore, the device 
will preferably be formed by forming a first active region, a barrier region overlying and 
in contact with first active region, a second active region overlying and in contact with 
said barrier region, a second barrier region overlying and in contact with said second 
active region and part of the absorption region overlying and in contact with said second 
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active region. The quantum dot layer would then be formed overlying this part of the 
absorption region and then the remainder of the absorption region would be formed on 
top of the quantum dot layer such that the quantum dot layer is encapsulated within the 
absorption region. 

Alternatively, the quantum dot layer could be formed in the first barrier region. In this 
situation, the barrier region would be formed overlying and in contact with the first 
active region. However, only part of the barrier region would be formed. The quantum 
dot layer would then be formed overlying and in contact with the partial first barrier 
region and the remaining part of the barrier region would be formed overlying and in 
contact with the quantum dot region such that the first barrier region serves to 
encapsulate the quantum dot layer. The second active region would be formed 
overlying and in contact with the first barrier region, and the second barrier region 
would then be formed overlying and in contact with the second active region. The 
absorption region, if required, will then be formed overlying and in contact with the 
second barrier region. 

The first dot layer could also be formed in the first active region, the second active 
region or the second tunnel barrier region by forming a part of the region and then 
forming the quantum dot layer such that the quantum dot layer will be encapsulated by 
the relevant region. 

Preferably, the structure would be etched through the layers to form a mesa. If the 
structure comprises an electrode such as an emitter or collector formed overlying the 
above mentioned layers, just the electrode could be etched to define the mesa. 

The structure may comprise a lower electrode. Preferably, the etch does not extend as 
far as the lower electrode in order to allow contact to be made to the lower electrode. 

As the mesa is preferably relatively small, if the device is configured to detect single 
photons, it is difficult to make direct electrical contact to an electrode on the top of the 
mesa. Preferably, contact metal is provided overlying the electrode and extending away 
from the mesa in order to make electrical contact to the mesa. 
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Another way to address the contact problem is to define the active area as the area of 
overlap between the collector and emitter. For this explanation, it will be assumed that 
the emitter is provided at the substrate side of the device and that the collector is 
provided at the end of the mesa away from the substrate. The above described regions 
will be formed on the emitter. Prior to formation of the layers, the emitter is etched into 
a plurality of isolated strips. The layers are then formed on the etched emitter and the 
collector is then provided overlying the layers. The collector is then etched to form a 
strip or plurality of strips which cross the emitter. The area or areas of overlap of the 
emitter and collector define the active area of the device. As both the detector and 
emitter.extend away from the active area, electrical contact can easily be made to both 
the emitter and collector. 

The optical devices of the first and second aspects of the present invention can also be 
used to fabricate a photon detector array. This comprises a plurality of elements, each 
element comprising an optical device as previously hereinbefore described configured 
as a photon detector. The elements may form a one dimensional array. For example, 
the elements may be elongate and arranged substantially parallel to one another. This 
arrangement is useful for a grating spectrometer where light can be dispersed in 
wavelength along a direction perpendicular to the elongate elements. In this 
arrangement each element will detect a different wavelength. 

The photon detector array may be a 2D array provided with a grid of bit-lines and word- 
lines where each element is addressable by applying appropriate voltage to a word-line 
and/or bit-line. Preferably, the bit-lines and word-lines are configured to apply a control 
signal to the means for changing the charging state of the quantum dot or the optically 
activated means to vary the relative energies of the first and second energy levels. 

The array may be fabricated such that the word line is configured to apply a potential to 
the collector and the bit line is configured to apply a potential to the emitter or vice 
versa. 
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In a preferable configuration for a two dimensional photon detector array, the array will 
be configured such that elements in the desired detection area are in an active state. An 
active state means that the device is configured such that upon illumination with 
radiation of an appropriate wavelength, the device is configured such that the tunnelling 
conditions will be changed. The plurality of bit-lines and word-lines are provided with 
current sensors such that a change in the tunnelling conditions (due to photo absorption) 
of an element will cause a change in the measured current on both the word-line and bit- 
line to which the element is connected. Thus, the exact element which absorbs radiation 
can be determined. 

The present invention also lends itself to a memory device and specifically a 
programmable non-volatile memory (PROM). 

The memory essentially consists of a photon detector array as previously described. 
The photon array comprises a plurality of elements where each element comprises a 
photon detector as described above. Each photon detector can act as a memory element. 

The array is preferably arranged as a grid of bit-lines and word-lines where each pixel is 
addressable by applying an appropriate voltage to a word-line and/or bit-line. 
Although, a one dimensional array is also possible. 

For a write operation, the pixels which are to be written to are addressed by applying an 
appropriate voltage to the bit-lines and word-lines. The voltage is applied so that upon 
illumination, photo-excited carriers are swept into or out of the dot to change the 
charging state of the first quantum dot. 

An appropriate bias is not applied to the unselected pixels. Photo-excited carriers will 
be excited in the non selected pixels. However, the photo-excited carriers will not be 
swept into or out of the first quantum dot and as a result, the charging state of the first 
quantum dot will not change. 

For example, if the first and second energy levels are aligned, then the detector is 'on- 
resonance' and can be thought of as having a logic state of T. If the detector is off 
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resonance (i.e. levels misaligned), the detector can be thought of as having a logic state 
of '0\ Whether or not the detector or memory element is on or off resonance can then 
be easily determined by measuring the current flowing through a pixel when the 
illumination is switched off. 

To read the memory, an appropriate bias is applied to the selected pixel using the bit- 
line and word-line, whether or not current flow is dependent on the charging state of the 
dot As light is used to change the charging state of the dot, in the absence of light, it is 
possible to configure the device so that it will retain the charging state of the dot even if 
the power is switched off. Therefore, the device provides a non-volatile memory. 

Preferably, current, sensors are provided to the word-lines and bit-lines to sense the 
change in the tunnelling conditions of the individual elements. 

Another type of memory array can also be fabricated, where different dots in each 
element are configured to photo absorb at different wavelengths. This type of array 
provides an optically addressable memory structure. Absorption at different 
wavelengths may be achieved by varying the size or composition of the quantum dots 
within each element. Therefore, preferably at least one memory element comprises a 
plurality of first quantum dots, and wherein at least one quantum dot in the said element 
is configured to absorb radiation with a different wavelength to that of at least one other 
dot within the same element Of course, each element in the array or a plurality of 
elements in the array could be configured to have dots which can absorb at a plurality of 
different wavelengths. 

In order to fabricate either the photon detector array or the memory array, it is 
preferable if the above photon detector is etched to form columns or a mesa. The 
columns may be etched down as far as the dot layer and are arranged to isolate regions 
of preferably at most 1000 dots, more preferably at most 100 dots. Alternatively, an 
electrode layer provided on a top of said structure may be etched in order to define 
isolated active areas of dots each comprising at most 1000 dots, more preferably at most 
100 dots. 
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The bit-lines and word-lines may fabricate as part of the semiconductor structure. 
Strips of emitter may be formed underlying the array such that lines of pixels are 
arranged with a common emitter. The collector may then be etched to form lines which 
cross the emitter lines. The areas where the emitter and collector cross are active areas 
of the detector. Such an arrangement could be achieved by using a re-growth technique. 

The present invention will now be described with reference to the following non- 
limiting embodiments in which: 

Figures la and lb show schematic band structures of a detector in accordance with an 
embodiment of the present invention in a specific mode of operation; 

Figures 2a and 2b show a schematic band structure of the device of Figure 1 operated at 
a different voltage; 

Figure 3a, 3b and 3c show schematic band structures of a detector in accordance with a 
further embodiment of the present invention; 

Figures 4a, 4b and 4c show schematic band structure of a detector in accordance with a 
yet further embodiment of the present invention; 

Figures 5a, 5b and 5c show schematic band structures of a further detector in 
accordance with an embodiment of the present invention; 

Figure 6a shows a schematic layer structure of a device in accordance with an 
embodiment of the present invention, Figure 6b is a schematic showing variations in the 
band gap of the corresponding structure; 

Figure 7 shows a schematic device structure in accordance with an embodiment of the 
present invention based on the layer structure of Figure 6; 

Figure 8a shows a variation on the layer structure of Figure 6 in accordance with an 
embodiment of the present invention; Figure 8b; 
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Figure 9a shows a further variation on the layer structure of the detector of Figure 6 in 
accordance with an embodiment of the present invention, Figure 9b is a schematic 
showing variations in the band gap of the corresponding structure; 

Figure 10a shows a yet further variation on the layer structure of Figure 6 in accordance 
with an embodiment of the present invention, Figure 10b is a schematic showing 
variations in the band gap of the corresponding structure; 

Figure 1 la shows a yet further variation on the layer structure of Figure 6 in accordance 
with an embodiment of the present invention, Figure 1 lb is a schematic showing 
variations in the band gap of the corresponding structure; 

Figure 12a shows a yet further variation on the layer structure of Figure 6 in accordance 
with an embodiment of the present invention, Figure 12b is a schematic showing 
variations in the band gap of the corresponding structure; 

Figure 13a shows a layer structure in accordance with an embodiment of the present 
invention formed on a InP substrate, Figure 13b is a schematic showing variations in the 
band gap of the corresponding structure; 

Figure 14a shows a layer structure of a detector in accordance with an embodiment of 
the present invention formed on a GaAs substrate, Figure 14b is a schematic showing 
variations in the band gap of the corresponding structure; 

Figure 15a shows a variation on the layer structure of Figure 14, Figure 15b is a 
schematic showing variations in the band gap of the corresponding structure; 

Figure 16a shows a variation on the layer structure of Figure 13a, Figure 16b is a 
schematic showing variations in the band gap of the corresponding structure; 

Figure 1 7a shows a further variation on the layer structure of Figure 14a, Figure 17b is a 
schematic showing variations in the band gap of the corresponding structure; 
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Figure 18a shows a layer structure in accordance with an embodiment of the present 
invention formed using a SiGe heterostructure; Figure 18b is a schematic showing 
variations in the band gap of the corresponding structure; 

Figure 19a shows a variation on the layer structure of Figure 18a; Figure 19b is a 
schematic showing variations in the band gap of the corresponding structure; 

Figure 20 shows a pixelated device in accordance with an embodiment of the present 
invention; 

Figure 21 shows a further variation on a pixelated device in accordance with an 
embodiment of the present invention having a common emitter; 

Figure 22 shows a schematic memory device in accordance with an embodiment of the 
present invention; and 

Figure 23a shows a schematic cross-section of a memory device or detector array, 
Figure 23b shows the corresponding plan view. 

Figure 1 A and Figure IB are schematic band structures which are used to illustrate a 
mode of operation for a photon detector. 

A conduction band 1 and a valence band 3 is shown. Figure 1 A shows the detector 
prior to illumination. Figure IB shows the detector after illumination. 

An emitter 5 and a collector 7 are provided at either end of the detector. An emitter- 
collector bias Vce is applied across the detector such that the potential of the collector 7 
is lower than that of the emitter 5, thus inducing the flow of electrons from the collector 
to the emitter. In this example, the carriers will be electrons. However, it will be 
appreciated by those skilled in the art that detector could be configured with holes as the 
majority carrier. 
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The detector comprises a first low dimensional system 9 which is located between the 
emitter 5 and the first barrier layer 1 1. Electrons in the low dimensional layer 9 have an 
energy of the first energy level 13 (this level can be seen more clearly on Figure IB). 
Adjacent the barrier layer 1 1 and on the opposing side to the first low dimensional 
system 9 is a second low dimensional system 15. The second low dimensional system 
15 is capable of confining electrons with a second energy level 17. In the detector 
shown in Figure 1 A (before illumination), the first energy level 13 and the second 
energy level 17 align. 

Adjacent the second low dimensional system 15 is a second barrier layer 19. The 
second barrier layer 1 9 is thin enough so that when the first 1 3 and the second 1 7 energy 
levels align, resonant tunnelling takes place through the first barrier layer 1 1 and the 
second barrier layer 19, An absorption layer 23 is then provided between the second 
barrier layer 19 and the collector 7. A quantum dot layer 21 is then provided in said 
absorption layer 23. on the opposing side of the second barrier layer to that of the 
second low dimensional system 15. 

Due to the alignment between the first and second energy levels 13, 17, charge flows 
freely from the emitter 5 to the collector 7 when a bias Vcc is applied. The alignment of 
the first and second energy levels will be dependent on the magnitude of the applied 
bias. The magnitude is chosen such that the energy levels 13 and 17 align. 

Figure IB shows the same device as that of Figure 1A. However, the device has been 
illuminated. To avoid unnecessary repetition, like numerals have been used to denote 
like features. On absorption of a photon, an electron-hole pair is excited, here shown as 
electron 25 in the conduction band and hole 27 in the valence band The bias Vce causes 
the electron 25 to be swept towards the collector. However, the hole 27 is swept in the 
opposite direction and is swept into dot 21 where it is trapped. The change in the 
charging state of dot 21 causes a change in the alignment of the first energy level 13 and 
the second energy level 17. As these two levels do not now align, the detector is 
brought "off-resonance" and tunnelling through the first barrier layer is suppressed. 
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Therefore, the charge cannot flow freely from the emitter 5 to the collector 7. This 
change in current can easily be detected and signifies the absorption of a single photon. 

In the above device, the photon detector is switched on by applying collector/emitter 
bias Vce across the detector. When a single photon is absorbed, the emitter/collector 
current is reduced. 

Figure 2 shows operation of the device of Figure 1 at a different bias Vce. To avoid 
unnecessary repetition, like reference numerals will be used to denote like features. In 
the case of Figure 1 , the device was on-resonance Le. the first and second energy levels 
were aligned, before illumination. In the device of Figure 2, the first energy level 13 
and the second energy level 17 are misaligned prior to photon absorption. After an 
electron-hole pair has been excited as sliown in Figure 2B, the charging of quantum dot 
21 with a hole causes the first 13 and second 17 energy levels to align, thus allowing 
charge to flow freely from the emitter 5 to the collector 7. 

In this mode of operation, the detector is again switched on by applying a bias across 
the collector/emitter. However, current flow is suppressed since the first and second 
energy levels do not align. Upon illumination, absorption of a single photon and 
subsequent capture of one of the photo-excited carriers by a quantum dot causes the 
levels to align. Hence, there is a detectable increase in the current. 

In both of Figures 1 and 2, photon is absorbed in the absorption layer. However, the 
device can also be configured such that incident illumination causes absorption of a 
photon in the quantum dot This type of device is shown in Figures 3 to 5. 

Figure 3a shows a variation on the device of Figures 1 and 2. To avoid unnecessary 
repetition, like reference numerals will be used to denote like features. The device 
operates at emitter 5/collector 7 bias V'^. This bias serves to misalign the first 13 and 
second 17 energy levels prior to illumination^ Second barrier layer 19 is thicker in the 
device of Figure 3 than those shown in Figures 1 and 2. Also, instead of absorption 
layer, buffer region 24 is provided Buffer region 24 may be identical to the absorption 
layer 23 described in relation to Figures 1 and 2. However, in this particular example, 
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there is no need for buffer layer 24 to be able to absorb incident radiation. The device is 
illuminated with radiation having a frequency substantially equal to that of an interband 
optical transition of the quantum dot 21 . This causes photo excitation of an electron 25 
into the conduction band of dot 21 and a hole 27 into the valence band of dot 21 . This 
excited state is not stable and the electron 25 tunnels out of dot 21 towards the collector 
7. This leaves just hole 27 in the valence band 3. Tunnelling of the hole 27 from the 
valence band towards the emitter 5 is largely suppressed by the thick barrier layer 1 9. 

Figure 3c shows a stable condition where the hole 27 is trapped in dot 21 and provides a 
positive charge. This change in the charging state of dot 21 affects the alignment of 
energy levels 13 and 17 such that the levels align. The alignment of these levels allows 
resonant tunnelling to occur through barrier layers 1 1 and 1 9. 

Figure 4 shows a variation on the device of Figure 3. To avoid unnecessary repetition, 
like reference numerals will be used to denote like features. The principle of operation 
of this device is very similar to that of Figure 3. However, in this example, an electron 
remains trapped within the quantum dot 21 and hole 27 tunnels out of the quantum dot 
towards emitter 5. In this specific example, the dot 2 1 is located in the second active 
layer 15 between the first 1 1 and second 19 tunnel barriers. 

The device operates at an operating voltage of V'V At this bias as shown in Figure 4a, 
the first energy level 13 and the second energy level 17 are misaligned. Upon 
illumination with radiation having a frequency substantially equal to that of the band 
gap of the quantum dot, an electron 25 and hole 27 are photo-excited within the 
quantum dot 21. 

As this state is not stable, hole 27 tunnels out of the quantum dot 21 into the emitter 5. 
This is shown in Figure 4b. Tunnelling of the electron 25 towards the collector 7 is 
largely suppressed due to the thick barrier layer 19. 

Figure 4c schematically illustrates a situation where just the electron 25 is trapped 
within quantum dot 21 . This negative charge on the dot 21 causes alignment of first 
energy level 1 3 with second energy level 17. This will then allow resonant tunnelling 
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carriers through barriers 1 1 and 19 and hence, a larger current can flow from the emitter 
5 to the collector 7. 

The above four figures have all shown the situation where an interband transition 
occurs, i.e. carriers are excited into the conduction or valence bands. However, the 
device can also work in an intraband mode where illumination just serves to excite 
carriers within the conduction band or valence band. A device working on this principle 
is shown in Figure 5. 

Figure 5a shows the device prior to absorption. The structure of the device is 
essentially identical to that of Figures 1 and 2. Therefore, to avoid unnecessary 
repetition, like reference numerals will be used to denote like features. The device is 
operated at an emitter 5/collector 7 bias of V lV ce. At this bias, the first energy level 13 
is aligned with the second energy level 1 7 so that tunnelling occurs through the barriers 
1 1 and 19. Therefore, in this situation, current can flow freely from the emitter 5 to the 
collector 7. In this state, an electron 25 is located within the conduction band 1 of dot 
21. 

Figure 5b shows the situation after illumination with radiation having an energy 
substantially equal to that of an intraband transition within the quantum dot 21. 
Electron 25 is excited to a higher energy state from which it can be tunnelled out of the 
quantum dot 2 1 . After illumination, the electron 25 which is now no longer contained 
within quantum dot 21 flows toward the collector 7. This causes a change in the 
charging state of dot 21 which affects the alignment of first energy level 13 and second 
energy level 17. This is shown in Figure 5c. As the first and second energy levels arc 
not aligned, resonant tunnelling cannot occur and charge does not flow freely from the 
emitter 5 to the collector 7. 

Figure 6 shows a schematic layer structure of a device in accordance with an 
embodiment of the present invention. An emitter layer 31 which will preferably be a 
highly doped semiconductor layer is formed overlying and in contact with buffer layer 
34. Buffer layer 34 is formed overlying and in contact with substrate 33. A lower 
spacer layer 35 is then formed overlying and in contact with the emitter layer 3 1. A first 
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barrier layer 37 is then formed overlying and in contact with first spacer layer 35. The 
first spacer layer 35 and first barrier layer 37 are configured such that the junction 
between the first barrier layer 37 and the first spacer layer 35 is capable of supporting a 
low dimensional system for example, it could be capable of supporting two dimensional 
confinement. 

A quantum well layer 39 is then formed overlying and in contact with the barrier layer 
37. The quantum well layer 39 is capable of supporting low dimensional confinement 
of the carriers such as a two dimensional confinement gas. A second barrier layer 41 is 
then formed overlying and in contact with said quantum well layer 39. A second spacer 
layer 43 is then formed overlying and in contact with said second barrier layer 41 . A 
layer of quantum dots 45 is then formed overlying and in contact with said second 
spacer layer 43. A third and final spacer layer 47 is then formed overlying and in 
contact with said quantum dot layer 45 and said second spacer layer 43. The second 43 
and third 47 spacer layers together form an absorption layer. A collector layer which 
comprises a highly doped semiconductor layer 49 is then provided overlying and in 
contact with said absorption layer 47. A schematic showing the variation in the band 
gap of the structure of Figure 6a is shown in Figure 6B. The features of Figure 6a have 
been numbered on Figure 6b. 

Figure 7 shows the layer structure of Figure 6 after fabrication. 

The structure is etched down to the emitter 3 1 to form mesa 51 such that at least part of 
emitter 3 1 extends away from mesa 5 1 such that a contact 53 can be made to the emitter 
away from the mesa 51 . Emitter contact 53 is preferably an ohmic contact such as those 
made from NiGeAu. The mesa may have an area of at most 1 0" l0 m 2 . Therefore, it is 
difficult to form a single isolated contact at the top of mesa 51. Instead, contact metal 
will be applied to the mesa which will extend from the collector away from the mesa, 
such that a collector contact can be made away from the mesa 5 1 . Methods for 
contacting the collector will be described in more detail with reference to Figure 23 . 

The operation of the device has been described with reference to Figures 1 to 5. The 
first low dimensional system layer 9 is formed at the junction of first spacer layer 35 
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and first barrier layer 37. The first and second barrier layers 1 1 , 1 9 of Figures 1 A and 
IB correspond to the first and second barriers layer 37 and 41 of Figure 6. The second 
confined low dimensional system 15 corresponds to quantum well layer 39 in Figure 6. 

In Figure 6, a plurality of quantum dots are shown in quantum dot layer 45 When 
operating as a single photon detector, the detector will generally only be required to 
detect one photon at a time. A single photon will result in a carrier being trapped in a 
single quantum dot 

Figure 8 shows a variation on the structure of Figure 6. To avoid unnecessary 
repetition, like reference numerals will be used to denote like features. The layer 
formation shown in Figure 8 is similar to that shown in Figure 6 up to the formation of 
the first tunnel barrier 37. However, the quantum dot layer 45 which is provided 
between the second and third spacers in Figure 6 (i.e. within the absorption layer) is 
now formed within the quantum well layer 39: This structure would be fabricated by 
forming the first half of the quantum well layer 39, forming the quantum dot layer 45 
and then forming the remainder of the quantum well layer 39. The second tunnel barrier 
41 is then formed overlying the quantum well layer 39. A third spacer layer 47 (which 
forms an absorption layer) is then formed overlying the second barrier layer 41 . The 
collector 49 is formed as previously described. The detector is then fabricated in the 
same way as described with reference to Figure 7. 

Figure 8B schematically shows how the band gap varies for this device. The 
conduction band 61 and the valence band 63 are shown. Looking at the conduction 
band 61, the two barrier layers 37 and 41 are shown as maximums in the conduction 
band 61 . The quantum well layer 39 is shown interposed between the two barrier layers 
37, 41 and the quantum dot layer 45 is shown located within the quantum well 39. 
Following the arrangement described with reference to Figures 1 and 2, upon 
illumination, a hole is swept from the absorption layer 47 into the quantum dot 45 
which affects the relative separation of the first and second energy levels. This device 
could also be configured to operate in the manner described with reference to Figures 3 
to 5. 
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Figure 9 shows a further variation on the basic structure of Figure 6. Again, to avoid 
unnecessary repetition, like features will be denoted with like reference numerals. 

Here, the quantum dot layer 45 is provided within the second tunnel barrier 41. The 
fabrication of the device remains identical to that described for Figure 6 up to quantum 
well layer 39. The second tunnel barrier 41 is formed in a two stage process where the 
first half of the tunnel barrier is formed, then the quantum dot layer 45 is formed, then 
the remainder of the second tunnel barrier layer 41 is formed. The third spacer layer 47 
is then formed overlying and in contact with the second barrier layer 41 . The collector 
49 is then formed as previously described. The detector is then fabricated in the same 
way as described with reference to Figure 7. 

The variations in the band gap of this structure are shown schematically in Figure 9B. 
Here, the quantum dot, 45 forms a minima in the second tunnel barrier 41 . As described 
with reference to Figures 1 and 2, in the arrangement shown in Figure 1 and 2, a photo 
generated hole is swept into the second barrier layer 41 and trapped in the quantum dot 
45 thereby affecting the relative separation of the first and second energy levels. The 
device could also be configured to operate in the manner described with reference to 
Figures 3 to 5. 

Figure 10 shows a further variation on the device of Figure 6, here, two quantum dot 
layers are used. Comparing the device exactly, with that of Figure 6, like reference 
numerals are used to denote like features to avoid unnecessary repetition. 

The quantum dot layer 45 provided within the absorption layer 47 as described with 
reference to Figure 3. However, the quantum well layer 39 is substituted with a second 
quantum dot layer 40 which will be referred to as the second active dot layer 40. This 
layer 40 provides the second low dimensional system 15 as described with reference to 
Figures 1 and 2. The second active dot layer 40 is formed in the same manner as dot 
layer 45 in Figure 8. 

The structure is then processed as described with reference to Figure 7. 
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Figure 11a shows a variation of the device of Figure 1 0. Here, a third quantum dot 
layer is provided in the first tunnel barrier 37. The second spacer layer 43 is removed 
and the first quantum dot layer 45 is formed overlying and in contact with the second 
tunnel barrier layer 41 . This third quantum dot layer provides the first low dimensional 
system 1 3, as described with reference to Figures 1 and 2 and will be referred to as the 
first active dot layer 38. The first active dot layer 38 is formed in the same manner as 
dot layer 45 described with reference to Figure 6. 

In operation, carriers will become trapped in the first quantum dot layer 45 therefore 
changing the alignment of the energy levels of the first 38 and second 40 active dot 
layers. However, it will be appreciated by those skilled in the art that if the first and 
second active layers are provided by quantum dots, then there is no need to have a 
separate quantum dot to store the charge. 

This arrangement is shown in Figure 12. Here, the second tunnel barrier 41 and the first 
quantum dot layer 45 removed. Alignment of the energy levels of the second and third 
quantum layers allow resonant tunnelling. However, upon illumination, a hole can be 
swept into either the first or second active dot layer which will affect the alignment of 
the energy levels and hence will vary the tunnelling characteristic of the device. 

Figure 13 shows a specific structure formulated using the InGaAs/AlInAs system on an 
InP substrate. The preferred system uses Ino.53Gao.47As/Al 0 .48lno^2As. To avoid 
confusion, the same reference numerals will be used to denote the same functional 
layers as used with reference to Figures 3 to 7. 

An InP substrate 33 is used. An Ino.52Alo.48As matching layer 32 having a thickness of 
300 nm is then formed overlying and in contact with said InP substrate 33. The 
Ino.52Alo.48As layer 32 is formed in order to initiate the growth. This layer could be 
doped to have the same polarity and dopant concentration as the emitter or could be 
undoped. An InGaAs buffer layer 34 having a thickness of 1 00 nm is then formed 
overlying and in contact with said matching layer 32. 
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An InGaAs emitter layer 3 1 which is doped with Si donors having a concentration of 
2 x 10 l8 cm" 3 and has a thickness of 500 nm is then formed overlying and in contact with 
said buffer layer 34. 

A first spacer layer 35 of undoped InGaAs with a thickness of 50 nm is formed 
overlying and in contact with said heavily doped emitter layer 3 1 . A first barrier layer 
37 formed from 10 nm AlInAs is formed overlying and in contact with first spacer layer 
35. A quantum well layer 39 having a thickness of 8 nm and comprising undoped 
InGaAs is formed overlying and in contact with said first barrier layer 37. A second 
barrier layer 41 formed from 10 nm of undoped AlInAs is formed overlying and in 
contact with said quantum well layer 39. A second spacer layer 43 comprising InGaAs 
which is undoped and has a thickness of 2 nm is formed overlying and in contact with 
said second tunnel barrier 41. 

The temperature of the growth is then dropped to 530°C and between 1 .6 and 4 
monolayers of InAs is formed overlying and in contact with said second spacer layer 43. 
Due to the low growth temperature and the substantial difference in lattice constant 
between InAs and InGaAs, the layer forms islands. A third spacer layer 47 of InGaAs 
having a thickness of 1000 to 2000 nm is then formed overlying and in contact with the 
second spacer layer 43 and the dot layer 45. This forms encapsulated dots. The second 
43 and third 47 spacer layers together form an InGaAs absorption layer. A heavily 
doped 10 18 cnf 3 (with Si donors) InGaAs layer of 80 nm is formed overlying and in 
contact with said third spacer layer 47. This heavily doped layer 49 forms the collector. 
The collector 49 may also be made from InALAs to avoid photo absorption in this layer. 

Figure 13B shows the variations in the band gap of the layer structure of Figure 10A. 
To avoid unnecessary repetition, like numerals have been used to denote like features. 
The band structure is schematic in that only layers which cause a large change in the 
energy of the conduction or valence bands are shown. 

Figure 14 shows a further material system for forming a detector or memory in 
accordance with an embodiment of the present invention. This structure is formed on a 
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GaAs substrate 33. Where possible, like reference numerals are used to denote 
functional like features with that of Figure 6. 

A GaAs buffer layer 32 haying a thickness of 500 nm is formed overlying and in 
contact with said GaAs substrate 33. A 1000 to 2000 nm thick InGaAs graded buffer 
layer 34 is then formed in contact with and overlying said GaAs buffer layer 32. The In 
composition of the graded buffer layer changes from 0 to x over the course of its 
growth. Therefore, it is lattice matched to GaAs buffer layer 32 and In x Gai. x As the 
following layer 31. The graded buffer layer may be doped or undoped. This InGaAs 
layer forms emitter 3 1 . This emitter and the following layers are identical to those 
described with reference to Figure 11, except the In content of the InxGai. x As and 
In y Ali. y As may be different A schematic diagram showing the variation in the band 
gap of the layers is shown in Figure 12B. Again, like reference numerals have been 
used to denote like features. 

Figure 15a shows a yet further variation on the layer structure of Figure 13. Where 
possible, like reference numerals have been used to denote like features. The device 
forms the same plan as that shown in Figure 6 where the dot layer is formed within the 
absorption layer. 

The device is formed on a GaAs substrate 33. AlAs buffer layer 34 having a thickness 
of 5 nm is then formed overlying and in contact with said GaAs substrate 33. This is 
then followed by a AlSb layer 34a which has a thickness of 35 nm. These two layers 
help to initiate the growth. 

A quaternary buffer layer 32 is then formed of AlGaSbAs. For instance, 
(Alo.5Gao.5XAso.55Sbo.45) This buffer layer has a thickness from 1 000 to 2000 nm. The 
remainder of the layers are then identical to those described with reference to Figure 14. 
A diagram showing the variation in the band gap of the layer structure of Figure 15a is 
shown in Figure 15b. 

Figure 16a shows a further material system for fabricating the device in accordance with 
an embodiment of the present invention. Hie device is formed on an InP substrate 33. 
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An undoped InP buffer layer 34 having a thickness from 1000 to 2000 nm is then 
formed overlying and in contact with said InP substrate 33. It should be noted that the 
buffer layer could also be doped like the emitter. A heavily doped 2 x 10 18 cm" 3 (Si 
donors) n type emitter 33 formed from 500 nm of InP is then formed overlying and in 
contact with said buffer layer 34. A first spacer layer 35 comprising 50 nm InP is 
formed overlying and in contact with said emitter 3 1 . 

A first barrier layer 37 comprising 10 nm of undoped InAlP is formed overlying and in 
contact with said first spacer layer 35. A quantum well layer 39 comprising 8 nm of 
undoped InP is formed overlying and in contact with said first barrier layer 37. A 
second barrier layer 41 comprising 1 0 nm of undoped InAlP is formed overlying and in 
contact with said quantum well layer 39. A second spacer layer 43 comprising 2 nm of 
undoped InP is formed overlying and in contact with said second tunnel barrier layer 41 . 
A layer of quantum dots 45 is then formed overlying and in contact with said second 
spacer layer 43. These dots are formed in the same manner as those described with 
reference to Figure 10. This is because there is a large difference in the lattice constant 
between InP and InAs. The remainder of the layers are identical to those described with 
reference to Figure 13. 

A diagram showing the variations in the band gap of the layer structure of Figure 16a is 
shown in Figure 16b. 

Figure 1 7 shows a further system which can be used to fabricate a device in accordance 
with the present invention. The system uses a GaAs substrate 33. A GaAs buffer layer 
34 having a thickness from 1000 to 2000 nm is formed overlying and in contact with 
said substrate 33. It should be noted that the buffer layer 34 could also be doped to have 
the same polarity as that of the emitter. An emitter layer 3 1 comprising 500 nm of n+ 
doped (2 x 1 O^cm" 3 ) GaAs is formed overlying and in contact with said buffer layer 34. 
A first spacer layer 35 comprising 50 nm of undoped GaAs is formed overlying and in 
contact with said emitter 3 1. A first tunnel barrier layer 37 comprising 10 nm of 
undoped AlGaAs is formed overlying and in contact with said first spacer layer 35. The 
quantum well layer 39 formed from 8nm of undoped GaAs is formed overlying and in 
contact with said first tunnel barrier layer 37. The second tunnel barrier layer 41 formed 
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from 10 nm of undoped AlGaAs is formed overlying and in contact with said quantum 
well layer 39. 

The second spacer layer of GaAs 43 having a thickness of 2nm is formed overlying and 
in contact with said second barrier layer 41. A quantum dot layer 45 formed from 1.6 to 
4 monolayers of InAs is then formed in the same manner as described with reference to 
Figure 7. Due to the large variation in lattice constant between InAs and GaAs, the 
quantum dot layer forms islands. A third spacer layer comprising from 1000 to 2000 
nm of GaAs is then formed overlying and in contact with said second spacer layer and 
quantum dot layer 45. A collector 49 comprising 80 nm of doped (2xl0 18 cm" 3 Si) GaAs 
is then formed overlying and in contact with said third spacer layer. 

Figure 1 8 shows a further system which can be used to fabricate a device in accordance 
with an embodiment of the present invention. Here, the device is fabricated using the 
SiGe/Si system. A Si buffer layer 34 having a thickness of 1000 nm which is 
nominally undoped is formed overlying and in contact with the Si substrate 33. An 
emitter layer 3 1 which comprises 500 nm of p doped (2xl0 18 cm°) Si is then formed 
overlying and in contact with said buffer layer 34. This layer acts as the emitter. A first 
spacer layer comprising 50 nm of undoped Si is then formed overlying and in contact 
with said emitter layer 3 1 . A first quantum well layer 36 comprising 5 nm of undoped 
Sio.7Geo.3 is then formed overlying and in contact with first spacer layer 35. A first 
tunnel barrier layer 37 comprising 8 nm of Si is formed overlying and in contact with 
said first quantum well layer 36. 

A second quantum well 39 comprising 5 nm of undoped SiGe is then formed overlying 
and in contact with said first tunnel barrier layer 37. A second tunnel barrier layer 41 
comprising 8 nm of undoped Si is then formed overlying and in contact with said 
quantum well layer 39. 

Several monolayers of Ge are formed overlying and in contact with the second tunnel 
barrier layer 41 . Due to the substantial difference in lattice constant between Ge and Si, 
the layer forms islands. Third spacer layer 47 comprising 2000 nm of undoped Si is 
then formed overlying and in contact with said dot layer 45 to encapsulate the dots. A 
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collector layer comprising 100 nm of p doped (2 x 10 18 cm" 3 ) Si is then formed 
overlying and in contact with said third spacer layer 47. 

Figure 1 8b is a diagram showing schematically the differences in the band gap of the 
layers of the structure shown in Figure 1 8a. 

Figure 19 shows a variation on the layer structure of Figure 18. A graded buffer layer 
34 comprising from.1000 to 2000 nm of Si 0 . 7 Ge 0 j is formed overlying and in contact 
with said Si substrate. The buffer layer is graded so that it uniformally changes across 
its width in the growth direction from having 0 Ge content at the interface with the Si 
substrate to having a Ge. content of 0.3. P+ emitter 31 comprises 500 nm of doped (2 x 

IS 3 

10" cm } Sio.7Geoj. A first spacer layer comprising 50 nm of undoped SiGe is then 
formed overlying and in contact with said emitter layer 3 1 . A first tunnel barrier layer 
37 comprising 8 nm Si is then formed overlying and in contact with said first spacer 
layer 35. Due to the variations in the band gap between the first spacer layer 35 and the 
first tunnel barrier layer 37, a quantum well is formed at the heterojunction between the 
first spacer layer 35 and the first tunnel barrier 37. 

A quantum well layer 39 comprising 5 nm of undoped Si 0 .7Geo3 is then formed 
overlying and in contact with said first barrier layer 37. A second barrier layer 41 
comprising 8 nm of undoped Si is then formed overlying and in contact with said first 
quantum well layer 39. A second spacer layer comprising 5 nm of undoped SiGe is 
then formed overlying and in contact with second tunnel barrier layer 41 . A quantum 
dot layer is then formed from depositing several monolayers of Ge. A third spacer layer 
47 comprising 2000 nm of SiojGea3 is then formed overlying and in contact with said 
quantum dot layer 45 to encapsulate the quantum dots. A collector comprising 100 nm 
of p doped (2 x 10 18 cm" 3 ) SiojGeoj is then formed overlying and in contact with said 
third spacer layer. 

All of the layer structures described with reference to Figures 13 to 19 can be processed 
as described with reference to Figure 7. 
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Figure 20 shows a pixelated device made out of a plurality of photon detectors of the 
type described with reference to Figures 1 to 19. The device shown here is similar in 
structure to that described with reference to Figures 6 and 7. However, it will be 
appreciated by those skilled in the art that the variations shown in Figures 8 to 12 could 
also be employed here. 

The device has a mesa which is defined such that a plurality of elements 20 are formed. 
The elements are formed on a common substrate 101 and a common emitter layer 103. 
Each element has preferably an upper area of at most 10* 10 m 2 if the device is to be used 
as a single photon detector. 

The photon detector array is formed on top of a substrate/buffer 101. The 
substrate/buffer can be any of those described with reference to Figures 6 to 19. An 
emitter layer 103 is then formed overlying and in contact with said substrate/buffer 
layer 101. The following layers can- then be the same as any those described with 
reference to Figures 6 or 8 to 19. The layers are then etched down to the emitter to form 
a plurality of elements 105, each element being separated by a trench 107 (formed by a 
mesa etch). 

Figure 20 shows a cross section through the array for simplicity. The array can be a one 
dimensional array, where the elements 108 continuously extend perpendicular to the 
plane of the paper. This configuration is useful for a grating spectrometer, where light 
can be dispersed along a direction perpendicular to the strips so that each strip/element 
detects a different wavelength. 

Alternatively, the elements can form a 2D array of pixels. 

The emitter layer 103 is common to each of the elements 1 05. The emitter layer also 
extends away from the elements to form the room for emitter contact 109. 

Each photon detector element can be switched on by applying an appropriate 
collector/emitter bias. The bias can be chosen either to align the first and second energy 
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levels when the dots are uncharged or it can be chosen so that the first and second 
energy levels will align when a quantum dot is charged. 

Connecting to the collector is difficult if the elements are small. In such situations, 
contact metal will be evaporated over the etched structure such that electrical contact 
can be made to the collector remote from the element 105. 

Taking, for example, the situation where the collector/emitter bias aligns the first and 
second energy levels when the dots are in an uncharged state, when one of the elements 
105 absorbs a single photon, current flow through that element is largely suppressed If 
individual contact is made to each element, then it is possible to determine the exact 
element which has absorbed the photon. 

Figure 21 shows a variation on the device of Figure 20. Here, the mesa etch which 
defines trench 107 just extends into the absorption layer. This shallow etch allows 
separate elements to be fonned. Also, as the etch can cause defects which affect the 
tunnelling characteristics of the device, it can be advantageous to avoid etching the 
tunnelling region. 

The photonxletector can also be configured as a memory device. In a write mode, the 
elements 105 which are to be written to have a collector/emitter bias applied to them 
which will allow a carrier to be swept into or out of the dot, as required. The device can 
be illuminated with a broad beam of radiation as only the elements with the correct 
applied voltage will have the charging state of the quantum dot changed i.e. those 
elements in an "active" state. The device can then be read by applying an appropriate 
collector/emitter bias to each of the elements. The collector/emitter bias can be chosen 
so that elements which have uncharged dots conduct and elements which have charged 
dots do not or vice versa. 

Figure 22 shows a schematic device configured as a memory structure. The memory 
elements M (x,y) each contain a photon detector as previously described. The structure 
comprises a grid of parallel word lines (WL) which are perpendicular to bit lines (BL). 
The word lines are in this example connected to the emitter, (they could be connected to 
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the collector) and the bit lines are connected to the collector. By applying a specific 
bias on a particular word line and a bit line, a potential difference can be applied across 
the collector and emitter of a selected memory cell M (X,Y). 

More than one memory cell can be selected if required. 

During a write operation, appropriate voltages are applied on the bit-lines and word- 
lines to activate the selected memory cells so that photo-excited carriers are trapped 
within the dots. The device can be configured such that when the power to the word- 
lines and bit-lines is disconnected, the dots still trap charge. This means that the 
memory can act as a non-volatile memory. In this situation, it is preferable if the 
detector is configured such that it is on resonance prior to illumination. Thus, there is 
little chance of the device resetting itself when the tunnel current flows. 

To read the memory, current through the bit lines and word lines are sensed using a 
current sensing means. The current through an element will change dependent on the 
tunnelling conditions. By measuring the current passing along the word line and bit line 
to which a specific element is connected, it is possible to determine the current through 
the element and hence, the charging state of the dot or dots. 

A further type of memory device is also possible using the same principles as above. 
The wavelength of radiation absorbed by a quantum dot is dependent on the size of the 
dot and its composition. It is possible to fabricate a memory array where each element 
comprises a plurality of first quantum dots and where the first quantum dots are of 
different sizes such that different dots absorb light of different wavelengths. Thus, an 
optically addressable as well as a spatially addressable memory can be formed. 

Figure 23a shows a cross-section of the device of Figure 23b. Figure 23a has a similar 
layer structure to that of Figure 20. 

The plan view 23b shows a plurality of parallel lines which are emitters 121. These 
may be formed by growing a heavily doped layer and etching the layer to form strips. 
The r emain i n g layers will then be formed overlying the emitter in a manner described 
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with reference to any of the preceding figures. The collector will be formed as a heavily 
doped layer overlying the whole structure. The collector is then etched to form strips 
123. Each pixel is defined by the overlap of emitters 121 and collectors 123, Hie 
emitters can function as word-lines whereas the collectors can function as bit-lines or 
vice versa. 

Previously, we have discussed the use of bit-lines and word-lines to address each pixel 
where the collector or emitter is connected to the word-line and the remaining electrode 
is connected to the bit-line. However, it is also possible to fabricate the device by 
providing a line of elements all in series with a word-line and a perpendicular line of 
elements all in series with a bit-line. This will also allow a change in current or the 
current from a particular element to be monitored. A current sensing circuit can be 
provided in series with each word-line and each bit-line. 

Although the above discussion of pixelated devices has primarily concentrated on 
memory devices, it is also possible to use such an arrangement for an array of photon 
detectors. An active area of a photon detector array can be defined by setting all of the 
elements in that part of the array to an "active" state via an appropriate bias on the 
selected word-lines and bit-lines. Current sensors are provided on said bit-lines and 
word-lines. When a photon is absorbed by a single element, a current change will be 
sensed on the bit-line and word-line which are connected to that element. Thus, such an 
array can be used to detect photons and to determine the exact point of photon 
absorption. 



5/30/05, EAST Version: 2.0.1.4 



WO 02/11211 



PCT7GB01/03411 



35 

CLAIMS: 

1 . An optical device comprising: 

a barrier region provided between first and second active regions, wherein the 
tunnelling of carriers can occur from the first region to the second region through the 
barrier region, 

a first quantum dot provided such that a change in the charging state of the 
quantum dot causes a change in the conditions for tunnelling through the barrier region, 
and 

means to change the charging state of said first quantum dot in response to 
irradiation. . _ 

2. An optical device according to claim 1 , wherein the first active region is 
configured to allow the floyvr of carriers therethrough at a first energy level, the second 
active layer is configured to allow the flow of carriers therethrough at a second energy 
level, and wherein a change in the charging state of the first quantum dot causes a 
change in the relative energies of the first and second energy levels. 

3 . An optical device according to claim 2, wherein said first and second energy 
levels can be aligned to allow resonant tunnelling through the barrier region. 

4. An optical device according to either of claims 2 or 3, comprising an emitter and 
a collector located on either side of said barrier region, the detector being configured 
such that carriers flow from the emitter to the collector when the first and second energy 
levels are aligned. 

5. An optical device according to any preceding claim, wherein means to change 
the charging state of said quantum dot are provided by the collector and the emitter. 

6. An optical device according to any preceding claim, wherein the means to 
change the charging state of the first quantum dot comprises means to separate a photo- 
excited electron-hole pair and to sweep at least one of said electron or hole into the first 
quantum dot. 
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7. An optical device according to claim 6, further comprising an absorption region 
wherein radiation absorbed by the absorption region excites an electron-hole pair in the 
absorption region. 

8. An optical device according to claim 7, wherein the absorption region is 
configured to absorb at least 50% of the incident radiation. 

9. An optical device according to either of claims 7 or 8, wherein the absorption 
region is located on the opposing side of the second active region to the first active 
region. 

10. An optical device according to any of claims 7 to 9, wherein the first quantum 
dot is provided in said absorption region. 

11. An optical device according to any of claims 1 to 5, wherein the first quantum 
dot is configured such that incident radiation excites a transition within said first 
quantum dot, said means for changing the charging state of said first quantum dot being 
configured to sweep a photo-excited carrier out of said quantum dot. 

1 2. An optical device according to claim 1 1 , wherein the first quantum dot is 
configured such that incident radiation excites an electron/hole pair within the dot. 

13. An optical device according to claim 11, wherein the first dot is configured such 
that incident radiation causes an intraband transition within said dot 

14. An optical device according to claims 2 or 3, or any of claims 4 to 13, when 
dependent on claim 2, wherein the detector is configured such that the first and second 
energy levels are not aligned prior to illumination. 

15. An optical device according to any preceding claim, wherein the first active 
region is configured to support a two dimensional confinement of carriers. 
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16. An optical device according to claim 2 or any of claims 3 to 1 5 when dependent 
on claim 2, wherein the first active region comprises a quantum dot to define the first 
energy level. 

17. An optical device according to claim 16, wherein the quantum dot provided to 
define the first energy level is configured to act as the said first quantum dot. 

18. An optical device according to any of claims 1 to 1 5, wherein the first active 
region comprises a bulk three dimensional system. 

19. An optical device according to any preceding claim, wherein the second active 
region is a quantum well configured to support a two dimensional carrier gas. 

20. An optical device according to claim 2 or any of claims 3 to 1 8 when dependent 
on claim 7, wherein the second active region comprises a second quantum dot for 
defining the second energy level. 

21. An optical device according to claim 20 wherein the second quantum dot is also 
configured to act as the first quantum dot. 

22. An optical device according to any of claims 1 to 1 8, wherein the second active 
region comprises a bulk three dimensional system. 

23. An optical device according to any preceding claim, configured such that the 
first quantum dot is configured to trap a hole after irradiation. 

24. An optical device according to any preceding claim, wherein the first quantum 
dot is located in the second active region. 

25. An optical device according to any of claims 1 to 23, wherein the first quantum 
dot is located in the first active region. 
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26. An optical device according to any of claims 1 to 23, wherein the first quantum 
dot is located in the first barrier region. 

27. An optical device according to any preceding claim, further comprises a second 
barrier region, said second barrier region being located on an opposing side of the 
second active region to the first barrier region, the second barrier region being 
configured such that alignment of the first and second energy levels allows tunnelling 
through of the second barrier region in addition to the first barrier region. 

28. An optical device according to claim 27, wherein the first quantum dot is 
provided in the said second barrier region. 

29. An optical device according to any preceding claim, provided in a resonant 
cavity. 

30. An optical device according to any preceding claim, further comprising an anti- 
reflection coating, provided on the surface of said device which is irradiated by the 
incident radiation. 

3 1 . An optical device according to any preceding claim, wherein a transparent 
electrode is provided on the surface which is irradiated by the incident radiation. 

32. An optical device according to any preceding claim comprising a plurality of 
first quantum dots. 

33 . An optical device according to any preceding claim, further comprising a 
plurality of layers each comprising a plurality of first quantum dots: 

34. An optical device according to either of claims 32 or 33, wherein the first 
quantum dots are of different sizes. 

35. An optical device according to any of claims 32 to 34, comprising at most 1000 
first quantum dots. 
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36. An optical device according to any of claims 32 to 34, wherein the first quantum 
dots are distributed over an area of less than 10" i0 m 2 in a plane substantially normal to 
the direction of current flow. 

37. An optical device according to any of claims 7 or 8 to 36 when dependent on 
claim 7, wherein the absorption region comprises indium. 

38. An optical device according to claim 37, wherein the absorption region 
comprises InGaAs. 

39. An optical device according to either of claims 37 or 38, further comprising an 
InP substrate. 

40. An optical device according to either of claims 37 or 38, further comprising a 
substrate which has a substantially different lattice constant to that of the absorption 
region. 

41 . An optical device according to claim 40, further comprising strain reducing 
means provided to reduce the strain in an active region due to the lattice mismatch 
between an active region and the substrate. 

42. An optical device according to claim 41, wherein the strain reducing means is 
provided by a layer of quaternary material, the lattice constant of which can be 
configured to match that of an active region. 

43. An optical device according to claim 41, wherein the strain reducing means is 
provided by a layer having a graded change in composition in the direction of formation 
of the layer. 

44. An optical device according to any preceding claim wherein the first quantum 
dot is formed by depositing InAs or InGaAs. 
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45. An optical device according to any preceding claim, wherein the barrier layer is 
AlAs, AlGaAs, GaAs or InAlAs. 

46. An optical device according to any preceding claim, wherein the first active 
region is InGaAs and a barrier region comprising an InAlAs layer is provided adjacent 
the first active layer. 

47. An optical device according to any preceding claim, wherein the first barrier 
region is a layer arranged such that tunnelling occurs substantially perpendicular to the 
barrier layer. 

48. An optical device according to any of claims 1 to 46, wherein the first and 
second active regions and the first barrier region are provided in a lateral arrangement 
with respect to the growth direction of the device. 

49. An optical device comprising: 

a barrier region provided between first and second active regions, wherein 
tunnelling of carriers can occur from the first region to the second region through the 
barrier region; and 

optically activated means to vary the conditions for tunnelling through the 
barrier region. 

50. An optical device according to claim 49, wherein the optically activated means 
is configured to change the charging state are of a quantum dot upon illumination. 

51. An optical device according to any preceding claim, configured as a photon 
detector. 

52. An optical device according to any preceding claim, configured to detect single 
photons. 

53. A photon detector array comprising a plurality of optical elements, each element 
comprising a photon detector in accordance with either of claims 5 1 or 52. 
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54. A photon detector array according to claim 53, comprising a one dimensional 
array of said elements. 

55 . A photon detector array according to claim 54, wherein the one dimensional 
array is formed as a plurality of substantially parallel elongate elements. 

56. A photon detector array according to claim 53, comprising a two dimensional 
array of said elements. 

57. A photon detector array according to claim 56, comprising a grid of bit-lines and 
word-lines, wherein an element is addressable by applying an appropriate bias to a 
word-line and/or bit-line. 

58. A photon detector array according to claim 57, wherein the bit-lines and word- 
lines are configured to apply a bias across an element in order to cause carrier flow 
through an element 

59. A photon detector array according to any of claims 57 or 58, wherein one of said 
word lines or said bit lines is configured to apply a collector bias and the other of said 
word lines or bit lines is configured to apply an emitter bias. 

60. A photon detector array according to any of claims 57 to 59, wherein current- 
sensing means are provided to detect a change in the current passing through an element 
via a word-line and a bit-line. 

61 . A photon detector array, according to any of claims 57 to 60, wherein at least 
some of the photon detectors share a common emitter or collector. 

62. A photon detector according to claim 61 , wherein a bit-line comprises a 
common emitter and a word-line comprises a common collector. 
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63. A photon detector according to any of claims 53 to 62, wherein at least one of 
the elements is configured to detect radiation of a different wavelength to another 
element in said array. 

64. A photon detector according to any of claims 53 to 62, wherein each elements 
comprises a plurality of first dots, and at least one dot in an element is configured to 
absorb radiation at a different wavelength at least one other dot in the same element 

65 . A memory device comprising a photon detector according to either of claims 5 1 
or 52. 

66. A memory structure comprising a plurality of elements, each element 
comprising a memory device in accordance with claim 65. 

67. A memory structure according to claim 66, comprising a plurality of bit-lines 
and word-lines for selectively addressing each element. 

68. A memory structure according to claim 67, wherein the bit-lines and word-lines 
are configured to apply a bias to induce carrier flow in the said elements. 

69. A memory structure according to either of claims 67 or 68, wherein the bit-lines 
and word-lines are configured to apply a voltage to induce current flow through a 
selected memory element 

70. A memory structure according to claim 69, wherein the bit-lines and/or word- 
lines are provided with current sensing means to sense the current flowing through a bit- 
line and/or word-line. 

71 . A memory structure according to any of claims 67 to 70, wherein one of the 
word lines or bit lines is configured to apply a potential to an emitter or a detector and 
the other is configured to apply a potential to a collector. 
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72. A memory structure according to claim 71 , wherein the first quantum dots of 
each memory device are configured to maintain their charging state even when the 
power to the bit lines and word line is switched off. 

73. A memory structure according to any of claims 66 to 71, wherein at least one 
memory element comprises a plurality of first quantum dots, and wherein at least one 
quantum dot in the said element is configured to absorb radiation with a different 
wavelength to that of at least one other dot within the same element 

74. A method of fabricating an optical device comprising: 

a barrier region provided between first and second active regions, wherein the 
tunnelling of carriers can occur from the first region to the second region through the 
barrier region, 

a first quantum dot being provided such that a change in the charging state of the 
quantum dot causes a change in the conditions for tunnelling through the barrier region, 
and 

means to change the charging state of said first quantum dot in response to 
irradiation; 

wherein the said first quantum dot is formed as part of a layer comprising a 
plurality of quantum dots; 

the method comprising the steps of: 

forming at most 10 monolayers of a quantum dot layer overlying and in contact 
with a layer having a substantially different lattice constant to that of the quantum dot 
layer such that the quantum dot layer forms islands, and forming a layer overlying said 
quantum dot layer having a substantially different lattice constant to that of the quantum 
dot layer, such that a plurality of encapsulated quantum dots are formed. 

75. A method of fabricating an optical device according to claim 74, comprising the 
steps of: 

forming a first active region; 

forming a first barrier region overlying and in contact with said first active 
region; forming a second active region overlying and in contact with said first barrier 
region; forming a second barrier layer overlying and in contact with the second active 
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region; forming a part of an absorption region overlying and in contact with said second 
barrier layer, forming said quantum dot layer overlying the part of said absorption 
region, and forming the remainder of said absorption region overlying said quantum dot 
layer. 

76. A method of fabricating an optical device according to claim 74, the method 
comprising the steps of: 

forming a first active region; 

forming a part of a first barrier region overlying and in contact with said first 
active region; 

forming said quantum dot Jayer overlying and in contact with said partial barrier 

region; 

forming the remainder of said barrier region overlying and in contact with the 
dot region; 

forming the remaining part of said first barrier region overlying and in contact 
with said dot layer; forming a second active region, overlying and in contact with said 
first barrier region; forming a second barrier region overlying and in contact with the 
second active region. 

77. A method of fabricating an optical device according to claim 74, the method 
comprising the steps of: 

forming a first active region; 

forming a first barrier region overlying and in contact with said first active 

region; 

forming the remaining part of said first barrier region overlying and in contact 
with said dot layer; 

forming a part of the second active region overlying and in contact with said 
first region, forming said quantum dot layer overlying and in contact with said partial 
second active region and forming the reminder of said second active region overlying 
and in contact with the remaining part of the second active region. 

78. A method of fabricating an optical device according to claim 74, the method 
comprising the steps of: 
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forming a first active region; 

forming a part of a first barrier region overlying and in contact with said first 
active region; 

forming the second active region overlying and in contact with said first barrier 

region; 

forming a part of a second barrier region overlying and in contact with said 
second active region, forming said quantum dot layer overlying and in contact with said 
partial second barrier region and forming the remaining part of said second barrier 
region overlying and in contact with said dot layer 

79. A method of fabricating an optical device according to claim 74, comprising the 
steps of: • 

forming a part of said first active region; 

forming said quantum dot layer overlying and in contact with the partial first 
active region, and forming the remainder of said first active region overlying said 
quantum dot layer. 

80. A method of making an optical device according to any of clams 74 to 79, said 
method further comprising the step of etching said structure to define an active area 
having at most 1 000 first quantum dots. 

81. A method of fabricating an optical device according to claim 80, wherein an 
electrode is provided overlying said second active region, and said electrode has an area 
of at most 10~ 10 m 2 . 

82. A method of febricating an optical device, according to any of claims 73 to 80, 
the method further comprising the step of etching the structure to isolate regions having 
at most 1 000 first quantum dots. 

83 . A method of fabricating an array of optical devices, the method comprising the 
steps of: 

forming a heavily doped semiconductor lower electrode layer, 
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etching said lower electrode layer to form a plurality of isolated strips of heavily 
doped semiconductor material; 

forming* an optical device according to any of claims 74 to 82 overlying said 
lower electrode layer; 

forming a heavily doped upper semiconductor layer overlying said photon 
detector; and 

etching said upper electrode layer into isolated strips which cross said emitter strips 
such that optical device elements are formed between the overlap of the emitter and 
collector strips. 
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